It was conjectured by Tutte that every 4-edge-connected graph admits a nowherezero 3-flow. In this paper, we give a complete characterization of graphs whose squares admit nowhere-zero 3-flows and thus confirm Tutte's 3-flow conjecture for the family of squares of graphs.
The support of a k-flow (Modular k-flow) (D, f ) of G is the set of edges of G with f (e) = 0 (f (e) ≡ 0 (mod k)), and is denoted by supp(f ). A k-flow (D, f ) (Modular k-flow) of G is nowhere-zero if supp(f ) = E(G).
For convenience, a nowhere-zero k-flow is abbreviated as a k-NZF. The concept of integer-flow was introduced by Tutte( [7, 8] also see [9, 4] ) as a refinement and generalization of the face-coloring and edge-3-coloring problems. One of the most well known open problems in this subject is the following conjecture due to Tutte: Conjecture 1.2 (Tutte, unsolved problem 48 in [1] ) Every 4-edge-connected graph admits a 3-NZF.
Squares of graphs admitting 3-NZF's are to be characterized in this paper. The following families of graphs are the exceptions in the main theorem.
Definition 1.3 T 1,3 = {T | T is a tree and d T (v) = 1 or 3 for every v ∈ V (T )}

Definition 1.4T 1,3 = {T | T ∈ T 1,3 or T is a 4-circuit or T can be obtained from some T ∈ T 1,3 by adding some edges each of which joins a pair of distance 2 leaves of T }
The following is the main result of this paper.
Theorem 1.5 Let G be a connected simple graph. Then G 2 admits a 3-NZF if and only if G /
∈T 1, 3 .
An immediate corollary of Theorem 1.5 is the following partial result to Tutte's 3-flow conjecture (Conjecture 1.2). 
Corollary 1.6 Let
The following result appears in [4, 6, 9] , but by Lemma 2.3, we can attribute it to Tutte. A partial 3-orientation D of G is an orientation of some edges of G satisfying
The support of D is the set of edges oriented under D and is denoted by supp(D). Clearly the partial orientation obtained by reversing every oriented edge of a partial 3-orientation is also a partial 3-orientation.
Let D be a partial 3-orientation of G and let
Lemma 2.5 Let G be a graph, (D, f ) be a 3-flow of G and H be a subgraph of G (1). If H ∼ = W 4 and e ∈ E(H) \ supp(f ) is a center edge, then an ({e}, f)-changer exists. (2). If H is a circuit of length 3 with E(H)
Proof. (1) . Since H ∼ = W 4 , let x be the center of H and let
Since e is a center edge, without loss of generality, assume that e = xu 1 .
First we assume E(H)\{e}
Otherwise, we do a circuit-operation along u 1 u 2 xu 1 and then get a needed partial 3-orientation D of G. For the same reason, u 4 must be the tail (or head) of both u 1 u 4 and xu 4 . By symmetry, we consider the following two cases.
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We may assume that u 3 is the tail (or head) of all edges incident with it in H. Otherwise, there exists a directed 2-path xu 3 
Then, identifying the split vertices and edges, back to G, 
Since G 2 has a modular 3-orientation D and both v 1 and v 2 are degree 3 vertices in G 2 , then this orientation restricted to the edge set of G 
⇐= Let G be a counterexample to the theorem such that (i). |E(G)| − |V (G)| is as small as possible, (ii). subject to (i), |E(G)| is as small as possible. Note that |E(G)| − |V (G)| + 1 is the rank of the cycle space of G.
Claim 1. Let e 0 = xy ∈ E(G). If d G (x) ≥ 3 and d G (y) ≥ 2, then xy is not a cut edge of G.
If e 0 is a cut-edge, then at least one component of G * e 0 is not inT 1,3 , say, G 1 is not, while G 2 might be. By induction, let (D, f i ) be a 3-flow of G 2 i for each i = 1, 2 such that f 1 is nowhere-zero, f 2 might miss only one edge e x (that is a copy of e 0 ). Without loss of generality, assume that f 1 (e y ) + f 2 (e x ) ≡ 0 (mod (3)). Then, identifying the split vertices and edges, back to G, (D, f 1 + f 2 ) is a nowhere-zero Modular 3-flow of G 2 . By Lemma 2.3, G 2 admits a 3-NZF, a contradiction.
is not a counterexample. So there exists e 0 = xy ∈ E(G) with d G (y) ≥ 2. By Claim 1, e 0 is not a cut edge of G and
, identify x and x , y and y , and use one edge to replace two parallel edges, by Lemma 2.3, we will get G 2 and a Modular 3-flow 
). Since each edge in C(x) is contained in some K 5 and thus is a center edge in some W 4 , by Lemma 2.3 and Lemma 2.5-(1), G 2 admits a 3-NZF, a contradiction.
Claim 3.
No degree 2 vertex is contained in a 3-circuit.
By contradiction. Assume xyzx is a circuit of G with
2 admits a 3-NZF, a contradiction.
Claim 4. No degree 2 vertex of G is contained in a 4-circuit.
Assume
We consider the following 3 cases.
it's easy to show G 2 admits a 3-NZF). Clearly, u 2 u 2 is a cut edge, contradicting Claim 1.
Case 2. Exactly one of u 1 , u 3 has degree 3.
is not contained in a 3-circuit in G (by Claim 3), and so
contains a W 4 with x as its center, by Lemma 2.5-(1), G 2 admits a 3-NZF, a contradiction. 3 , xu 3 } and each edge xu i or xu j is contained in some W 4 in G 2 as a center edge for 1 ≤ i ≤ 3 and j = 1, 3, by Lemma 2.5-(1), G 2 admits a 3-NZF. a contradiction. 
Claim 5. For any
v ∈ V (G), d G (v) = 2.
